The role of progenitor/stem cells in pituitary tumorigenesis, resistance to pharmacological treatments and tumor recurrence is still unclear. This study investigated the presence of progenitor/stem cells in non-functioning pituitary tumors (NFPTs) and tested the efficacy of dopamine receptor type 2 (DRD2) and somatostatin receptor type 2 (SSTR2) agonists to inhibit in vitro proliferation. They found that 70% of 46 NFPTs formed spheres co-expressing stem cell markers, transcription factors (DAX1, SF1, ERG1) and gonadotropins. Analysis of tumor behavior showed that spheres formation was associated with tumor invasiveness (OR 5 3,96; IC: 1.05-14.88, p 5 0.036). The in vitro reduction of cell proliferation by DRD2 and SSTR2 agonists (31 6 17% and 35 6 13% inhibition, respectively, p < 0.01 vs. basal) occurring in about a half of NFPTs cells was conserved in the corresponding spheres. Accordingly, these drugs increased cyclin-dependent kinase inhibitor p27 and decreased cyclin D3 expression in spheres. In conclusion, they provided further evidence for the existence of cells with a progenitor/stem cellslike phenotype in the majority of NFPTs, particularly in those with invasive behavior, and demonstrated that the antiproliferative effects of dopaminergic and somatostatinergic drugs were maintained in progenitor/stem-like cells.
Introduction
Recently, a subpopulation of progenitor/stem cells has been demonstrated to exist in pituitary tumors. In particular, these cells were characterized by the expression of stem cells markers, the ability to grow as rounded cell spheres and to self-renew. [1] [2] [3] [4] Based on the cancer stem cell hypothesis, tumors develop from a small subpopulation of self-renewing cells, that are able to differentiate into the heterogeneous lineages of the cancer cells and to regenerate the tumor, and are resistant to conventional chemotherapeutic agents. To date the tumor-initiating and tumor-driving role of progenitor/ stem cells identified in pituitary tumors has yet to be proven. Neurosurgery by the transphenoidal approach is the treatment of choice for clinically non-functioning pituitary tumors (NFPTs), a tumor type mainly derived from gonadotroph lineage mostly synthesizing but rarely secreting gonadotropins or gonadotropin hormone subunits, that represents one-third of pituitary tumors. Due to incomplete tumor removal and tumor regrowth, adjuvant therapies are required in most cases. Since most NFPTs express both dopamine (DA) receptor type (DRD2) [5] [6] [7] and somatostatin (SS) receptors, in particular SS receptor type 2 (SSTR2) [7] [8] [9] , the use of DA and SS analogs, whose efficacy in other types of pituitary tumors is well established, has been proposed. In vitro experiments have demonstrated that specific agonists of DRD2 and SS analogs exert cytostatic and cytotoxic effects in cultured cells from NFPTs. 7, 10, 11 However, contrasting data are present in literature on tumor shrinkage after treatment with these agents. DRD2 agonists have been demonstrated to be ineffective 12 or effective in a variable percentage of patients 5, 6, [13] [14] [15] in reducing tumor mass. Similarly, SS analogs have been reported to display even more limited effects on tumor growth, [16] [17] [18] although a stabilization of tumor remnant from NFPTs after long acting octreotide treatment has been described. 19 To date, the molecular basis of NFPTs resistance to DRD2 agonists and SS analogs are largely unknown.
The aims of the present study were to test the presence of a population of progenitor/stem cells in NFPTs, to phenotypically characterize them for stem-cell markers expression, biological behavior and in vivo tumorigenicity, and to correlate their presence to tumor clinical features. Finally, we seek a role of NFPT progenitor/stem cells in the onset of tumor resistance to dopaminergic and somatostatinergic drugs.
Material and Methods

Patients
The study was approved by the local Ethics Committee and each patient gave informed consent to the use of his/her tumor sample and clinical information. The study was carried on NFPTs removed by transphenoidal surgery from 46 patients with a sellar lesion in the absence of sign or symptom of hormone hypersecretion (28 males and 18 females, age at diagnosis 60.3 6 16.1 years). On the basis of immunochemistry analysis, 12 were silent gonadotrophs adenomas, 25 null cell adenomas, 4 NFPTs silent corticotrophs adenomas, 3 silent somatotroph and 2 silent somatolactotrophs adenomas.
Magnetic resonance imaging (MRI) showed a macroadenoma (diameter 10 cm) in all patients, with extrasellar extension in 42, and invasion of the cavernous sinus in 27 cases by radiological and surgical findings. According with the Ki67 index, 9 were atypical adenomas with a Ki67 labeling index 3 (Supporting Information Table 1 and Table 1 ).
Pituitary cell culture
Human pituitary tumors were obtained by the transsphenoidal route. Tissues were partially frozen for subsequent molecular analysis and partially enzymatically dissociated in DMEM containing 2 mg/mL collagenase (Sigma-Aldrich, St. Louis, MO, USA) at 378C for 2 hr, as previously described. 7 Bulk tumor differentiated cells were grown in standard medium (DMEM, 10% fetal bovine serum (FBS), 100 units/mL penicillin, 100 mg/mL streptomycin and 0.25 lg/mL fungizone). To obtain spheres, tumor cells were then resuspended in stem cell permissive medium (serum-free DMEM/F12 1:1 medium) in the presence of 20 ng/mL basic fibroblast growth factor (bFGF), 20 ng/mL epidermal growth factor (EGF), B27, 100 units/mL penicillin, 100 mg/mL streptomycin and 0.25 lg/mL fungizone. DMEM, DMEM/F12 and FBS were from Gibco-Invitrogen (Life Technologies Inc., Carlsbad, CA, USA), bFGF and EGF were from PeproTech EC (London, UK), B27 and fungizone were from Gibco-Invitrogen, pen/ strep were from Sigma-Aldrich (St. Louis, MO, USA). bFGF, EGF and B27 were added every week. Cells were plated at a density of 100,000 cells/mL. In a subset of tumors (n 5 3), sphere-forming efficiency (SFE) was calculated as the percentage of spheres formed after 2 weeks in culture in stem cell permissive medium over the number of plated cells (100 cells/well).
To test the potential for self-renewal, primary spheres were mechanically dispersed in single cells, accurately checked under microscopic examination for single cellularity to exclude that undispersed clumps remained and only the wells containing single cells or irregular aggregates of few cells were considered for the experiment. Cells were then seeded at 10,000 cells/mL and cultured to check the generation of secondary spheres. 20 For clonogenity assays primary spheres were dissociated and cells were plated at a density of 1 cell/well in 96-well plate. Single wells were checked under microscope for the presence of a single cell and marked. After 2 weeks of culture in stem cell permissive medium, marked wells were checked for sphere formation. The number of sphere containing wells counted was divided by the number of single cell-containing seeded wells and multiplied by 100. Spheres size was measured by Axiovision Rel 4.8 software. The diameter of at least 15 different spheres for each tumor was measured.
Flow cytometry
We tested the presence of mesenchymal stem cells (CD901 CD1051 CD342), 21 hematopoietic stem cells (CD341 CD451), and endothelial cells (CD31 1 CD1461) by flow cytometry. Spheres obtained from five tumors (Supporting Information Table 1 ) and collected after 4 weeks of culture were mechanically dispersed to single-cell suspension. For fivecolors flow cytometry, 100,000 cells were resuspended in phosphate-buffered saline (PBS) and incubated with anti-CD133-phycoerythrin (anti-CD133-PE), anti-CD34-APC (Miltenyi Biotec, Bergisch Gladbach, Germany), anti-CD31-FITC, anti-CD105-PE, anti-CD45-APC-CY7, anti-CD90 (thymocyte antigen 1(Thy1))-PE, anti-CD146-PE (BD BiosciencesPharmingen, San Diego, California, USA). The controls were isotype-matched mouse immunoglobulines. After each incubation performed at 48C for 20 minutes, cells were washed in PBS containing 1% heat-inactivated FCS and 0,1% sodium azide. The cytometric analysis were done with a Cytomic FC500 flow cytometer and CXP 2.1 software (BC Beckman Coulter). Each analysis included at least 20,000-50,000 events for each gate. A light-scatter gate was set up to eliminate cell debris from the analysis. The percentage of positive cells was assessed after correction for the percentage reactive to an isotype control conjugated. The 7-AAD was added to exclude non-viable cells from the analysis.
RT-PCR analysis
Total RNA was extracted with Trizol Reagent (Life Technologies Inc., USA), using manufacturing protocol, from tissue samples, bulk tumor differentiated cells grown in standard medium or spheres collected after 4 weeks of culture in stem cell permissive medium (Supporting Information Table 1 ).
First strand cDNA was prepared by using Super Script III First Strand Synthesis System (Life Technologies, USA), starting from 2 lg total RNA with oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers. PCR was performed under the following conditions: 948 5 min, then 35 cycles at 928 1 min, T m 1 min, 728 5 min. SOX2, EGR1, KLF4, POU5F1/OCT4, SF1, DAX1, DRD2, SSTR2, SSTR5, alpha subunit, LH and FSH genes were analyzed. We also determined the expression of the human-specific b-actin housekeeping gene for each sample. Specific primer sequences are shown in Supporting Information Table 2 .
Immunofluorescence analysis
Spheres obtained from a subset of tumors (Supporting Information Table 1 ) were collected after 4 weeks of culture and seeded on poly-L-lysine coated glass over/night, then fixed in paraformaldehyde for 4 min and permeabilized for 5 min with 0.1% Triton X-100 in PBS. Cells were then incubated with primary antibodies against PROP1 (1:50; Santa Cruz, (C-15): sc-18468, goat polyclonal), SOX2 (1:20; Millipore, AB5603, rabbit polyclonal) and Nestin (1:50, BD Biosciences, 611658, mouse) 2 hr at room temperature. After washing with PBS, cells were incubated with secondary antibodies 488-and 594-coniugated IgG (Thermo Fisher Scientific, Goat anti-mouse or anti-rabbit) for 1 hr at room temperature and examined by the Leica TCS SP2 confocal system (Leica, Germany).
Immunohistochemistry for progenitor/stem-like cells markers
Immunohistochemistry was performed on sections of paraffin-embedded NFPTs surgically removed from 11 patients and on spheres obtained from a subset of tumors (Supporting Information Table 1 ) cytospinned on charged slides after 4 weeks of culture. Samples immunoreactivity was analyzed with specific primary antibodies for SOX2 (1:100, Cell Signaling, Danvers, MA, D6D9, rabbit monoclonal), S100 beta (1:10,000, Abcam, Cambridge, UK, EP1576Y, ab52642, rabbit monoclonal), luteinizing hormone (LH, 760-2802, rabbit polyclonal), follicle-stimulating hormone (FSH, 760-2710, rabbit polyclonal), or Ki67/Mib1 proliferation antigen (Ki-67 30-9, rabbit monoclonal) (LH, FSH and Ki67 prediluted from Ventana Medical Systems, Inc., Roche Group, AZ, USA) using an automated immunostainer (BenchMark ULTRA, Ventana Medical Systems Inc) as previously described. 22 Negative controls were prepared in the absence of primary antibody and included in each reaction. For single antigen staining, reactions were revealed using the ultraView Universal DAB (Ventana Medical Systems Inc), whereas for double immunohistochemistry stainings (SOX2/LH or SOX2/ FSH) the ultraView Universal Alkaline Phosphatase Red Detection Kit was used after DAB to reveal the second antigen following the manufacturer protocol (Ventana Medical Systems Inc). All slides were counterstained with hematoxylin and scored by light microscopy by two independent observers (VV and SF).
Cell proliferation assay
Cell proliferation was assessed by colorimetric measurement of 5-bromo-2-deoxyuridine (BrdU) incorporation during DNA synthesis in proliferating cells according to the instruction of the manufacturer, as previously reported. 7 Briefly, cells were incubated for 72 h at 378C with specific DRD2 agonist BIM53097 or SSTR2 agonist BIM23120 (kindly provided by Biomeasure Incorporated/IPSEN, Milford, MA, USA) and then with BrdU at 378C for 24 h to allow BrdU incorporation in place of thymidine in newly synthesized cellular DNA. At the end of the incubation, culture medium is removed, cells are fixed, DNA is denatured, and the peroxidase-labeled anti-BrdU is added to each well. The immune complexes are detected by the subsequent reaction with the substrate 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB), and the resultant color read in a microplate spectrophotometer at 450 nm. The absorbance values correlate directly to the amount of DNA synthesis and thus to the number of proliferating cells. A non-specific binding control, in which cells are incubated without BrdU, was added in each experiment. The experiments were performed on cells derived from tumor tissues (n 5 14) immediately after dispersion prior to sphere formation (Day 3) (50,000 cells/well) and on cells derived from dissociation of spheres collected at Day 30. The spheres were dissociated, cells were counted and seeded at the same density (50,000 cells/well) for the proliferation assay. Moreover, proliferation experiments were performed at different time points (1, 2, 3 and 4 weeks) on both cells grown in complete medium and cells grown in stem cell permissive medium (n 5 3 tumors).
All experiments were performed once for each primary culture tested and each determination was done at least in triplicate.
In vivo tumor model
Spheres derived from 2 NFPTs (Supporting Information  Table 1 ) and cultured for 2 weeks in stem-cell permissive medium were xenografted in zebrafish embryos, as previously reported. 23, 24 We used the Tg(fli1a:EGFP) y1 transgenic line of zebrafish (Danio rerio) expressing EGFP in the entire vasculature. Embryos, collected by natural spawning, were staged and raised at 288C in fish water (Instant Ocean, 0.1% methylene blue), according to National (Italian D.lgs 26/2014) and European laws (2010/63/EU and 86/609/EEC). Dechorionated embryos at 48 h postfertilization (hpf) were anesthetized with 0.04 mg/mL of tricaine (Sigma-Aldrich). Spheres obtained from NFPTs were mechanically dissociated in single cells and labeled with a red fluorescent dye for cell viability (CellTracker TM CM-DiI, Invitrogen). Cells were then resuspended in PBS and implanted in the sub-peridermal space, close to the sub-intestinal vessels (SIV) plexus, of 48 hpf Tg(fli1:EGFP)y1 zebrafish embryos (100 cells for each embryo). Fishes were observed and imaged 2 h after the injection in order to exclude from the analysis embryos showing cells into the yolk sac and/or in the vasculature. Correctly grafted embryos were incubated at 328C. A control group, represented by zebrafish injected with PBS only, was included.
At 24 hr post injection (hpi) the presence of circulating grafted cells along the body, the formation of micrometastasis, and the vasoproliferative response triggered by the tumor xenografts were evaluated through a fluorescence stereomicroscope (Leica DM6000B equipped with LAS Leica imaging software). The spread throughout the embryo body was quantified by the "Analyze Particle" plugin of Fiji software, comparing results at 0 and 24 hr post injection (hpi). 25 At least 20 correctly grafted embryos were analyzed in independent experiments.
p27 and CD3 immunoblotting
Spheres were cultured for 4 weeks, and then incubated with or without specific agonists for DRD2 and SSTR2 for 48 h to test the effects on p27 expression or for 3 h to test the expression of CD3. Cells were then lysed in lysis buffer in the presence of protease inhibitors. Proteins were separated on SDS/polyacrylamide gels and transferred to a nitrocellulose filter. 1:100 dilution of anti p27 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, sc-1641, mouse monoclonal) or 1:2000 dilution of anti-cyclin D3 antibody (Cell Signalling, Danvers, MA, #2936, mouse monoclonal) were used. GAPDH was used as housekeeping. Chemiluminescence was detected using the ChemiDoc-IT Imaging System (UVP, Upland, CA) and analyzed using the image analysis program NIH ImageJ.
Statistical analysis
The results are expressed as the mean 6 SD. A paired twotailed Student's t test was used to detect the significance between two series of data. Clinical and pathological variables were reported as mean and standard deviation when continuous (age at diagnosis, tumor size), or count when dicothomous (sex, sellar involvement, Ki67 index). Comparisons between groups forming and non-forming spheres were made by Student's t test or Fisher's for continuous and categorical variables, respectively. p < 0.05 was accepted as statistically significant. Statistical analysis was performed by SPSS version 21.0 statistical package (SPSS Inc, Chicago, IL).
Results
Isolation and characterization of spheres from cultured NFPTs
Tumor cells derived from NFPTs normally grow in suspension as irregular aggregates, without formation of spheres in standard culture conditions (DMEM 1 10% FBS medium) ( Fig. 1 panel A) . About 2 weeks after cell seeding in stem cell permissive medium nonadherent round cell spheres appeared in 69.6% of cultured NFPTs (n 5 46) (Fig. 1, panel B, C) . Sphere-forming efficiency (SFE) calculated in a subset of tumors ranged from 2% to 5%. Secondary spheres were obtained from disaggregated primary spheres seeded at low density, suggesting that they are able to self-renew (Fig. 1,  panel D-F) . Moreover, clonogenicity assay in which cells from dissociated primary spheres were plated at a density of 1cell/well in 96-well plate revealed an efficiency of spheres formation ranging from 3.8 to 7.7%. No spheres were obtained from the dissociated secondary spheres.
To quantify the specific cell populations, we tested the primary spheres by FACS for the expression of groups of markers. A variable proportion of cell populations expressed the stem cells associated markers CD90 (22.8 6 30.9%), whereas CD90
1 CD105 1 CD34 -mesenchymal stem cells represented 3.3 6 1% of the sphere population. Spheres were prevalently CD45 negative (0.84 6 0.51% of positive cells), ruling out a consistent contribution of cells deriving from blood. A poor, if any, contribution of vascular-endothelial progenitors is suggested by the very low percentage of cells expressing CD31 (1.88 6 3.54%), CD146 (1.26 6 1.02%) or CD133 (0.76 6 0.48%), the hematopoietic/endothelial stem marker and a marker for cancer stem cells in different tumors.
Qualitative RT-PCR analysis showed that spheres expressed SOX2, POU5F1/OCT4 and KLF4 pluripotent cellspecific transcription factors together with transcription factors involved in gonadotroph differentiation, such as DAX1, SF1 and EGR1, and gonadotropin subunits (alpha subunit, LH and FSH; Fig. 2A) . In contrast to the strong expression observed in spheres, the expression of POU5F1/OCT4 in differentiated cells (i.e., cells cultured in complete standard medium) of the corresponding tumors was nearly undetectable or very low (Fig. 2B) .
Immunohistochemistry analysis of spheres (Fig. 2C) confirmed that a small proportion of cells were positive for SOX2, mainly with nuclear localization. LH positive cells ranged from 10% to 35% of sphere cells, with a cytoplasmic staining, while the marker of folliculostellate cells S100beta 26 was undetectable. A variable proportion of cells within the spheres obtained from different tumors displayed nuclear Ki67 staining (from 1% to 10%).
Immunofluorescence analysis (Fig. 2D) confirmed the positivity of spheres for SOX2, with some variability in the percentage of SOX2 positive cells and in the nuclear or cytoplasmatic localization between different spheres. Moreover, this analysis revealed the expression of the pituitary specific transcription factor PROP1 (prophet of PIT1) that colocalized with SOX2 in the nucleus of a percentage of cells ranging from 2% to 10%, while it was cytoplasmatic in SOX2 negative cells, suggesting the existence of a heterogeneous population of stem cells (SOX21/PROP11) and precursor cells in a transient stage of the differentiation, expressing PROP1 but not SOX2. 27 Finally, our data showed coexpression of nestin in SOX2 positive cells.
Long-term proliferation ability of sphere-forming cells was demonstrated by proliferation assays, showing a detectable BrdU incorporation in newly synthesized DNA in proliferating cells for up to 4 weeks in culture, and by positive Ki67 staining in spheres cultured up to 4 weeks (Fig. 2C) . In contrast, differentiated cells from the same tumors, grown in complete medium, were actively proliferating only for 1 week (Supporting Information Fig. 1) , consistent with the observation that pituitary cells primary cultures usually survive in vitro only few days. 4, 28 The in vivo tumorigenicity of spheres was assessed in zebrafish model, that allows to test invasive and angiogenic potential of injected cells. 4, 23 Sphere-forming cells were disaggregated and xenografted in zebrafish embryos taking advantage of the Tg(fli1:EGFP) y1 zebrafish line that expresses EGFP in the vascular endothelium. At 24 hpi, tumor cells of both patients migrated out from the site of the injection in every grafted embryos, demonstrating a strong invasive behavior of injected cells (Fig. 3A-E) . Moreover, injected cells of each patient stimulated the formation of endothelial sprouts from the subintestinal vessels (SIV) plexus in the 30% (patient # 31) and 33% (patient # 32) of grafted embryos, demonstrating their in vivo angiogenic potential. In contrast, control embryos did not show alterations in vascular network (Fig. 1F) . Given that the tumor cells of both patients displayed a similar migration index and pro-angiogenic effect, we reported the results of a representative experiment in Figure 3 .
Stem cell markers expression in NFPT tissues
Since a subset of NFPTs was not able to form spheres in culture, we investigated a possible different expression of stem cells markers in tissues of origin. All tumor tissues analyzed by RT-PCR expressed SOX2, POU5F1/OCT4 and KLF4 together with the gonadotrope differentiation marker EGR1 (Fig. 4A) . By immunohistochemistry, we found that SOX2 was expressed in about 4% of pituitary cells of NFPT tissues (range 0-9%, Fig. 3B ) without any difference between tumors that formed or not spheres in culture. SOX2 positive cells were sparsely distributed in the tissue sections, without any apparent preferential localization in proximity of small vessels. Double immunostaining analysis performed in silent gonadotroph tumors showed that the majority of SOX2 positive cells were negative for either LH or FSH, and only 1% of SOX21 cells presented co-expression of LH (Fig. 4C,D) .
Correlation of spheres formation with clinical tumor behavior
No difference in clinicopathological or radiological features was found between NFPTs that generated or not spheres in vitro. Interestingly Pearson's chi-squared test showed that formation of spheres was positively associated with cavernous sinus invasion (OR 5 3,96; IC: 1.05-14.88, p 5 0.036) ( Table  1) , whereas no correlation with sex, age, tumor size, Ki67 and extrasellar extension was observed.
DRD2-and SSTR2-mediated antiproliferative effects are maintained in spheres
We first evaluated the expression of DRD2, SSTR2 and SSTR5 in spheres and in tumor tissues from which they were derived by RT-PCR. We found that DRD2 and SSTR2 mRNAs were expressed in the tissues and in the corresponding spheres, whereas SSTR5 expression was undetectable in spheres although it was expressed in all tissues analyzed (Fig.  5A and data not shown) .
We then tested the antiproliferative effects of the specific DRD2 agonist BIM53097 and SSTR2 agonist BIM23120 on cultured cells derived from tumor tissues immediately after dispersion prior to sphere formation (Day 3) and on spheres (Day 30). BrdU incorporation assay showed that in the subset of NFPTs in which DRD2 agonist BIM53097 inhibited cell proliferation (43% of NFPTs tested), the inhibition found in bulk tumor cells (31 6 17% inhibition at 10 nM; p < 0.01 vs. basal) was maintained in the corresponding spheres (45 6 24% inhibition, p < 0.01 vs. basal). Similarly, BIM23120 reduced cell proliferation both in freshly dispersed tumoral cells (33% of tested NFPTs) and corresponding spheres (35 6 13% and 65 6 21% inhibition at 10 nM, p < 0.01 and p < 0.05 vs. basal, respectively) (Fig. 5B) . The proliferation rate of spheres derived from resistant NFPTs was not affected by the treatment with the corresponding agonist.
The efficacy of DRD2 and SSTR2 agonists in reducing spheres proliferation was also demonstrated by an increase of cyclin-dependent kinase inhibitor p27 expression (3.4 6 0.6 fold over basal, p < 0.05) and a decrease in cyclin D3 (CD3) expression (50 6 7% vs. basal, p < 0.001) induced in spheres by BIM53097 or BIM23120 after 48 and 3 hr incubation, respectively (Fig. 5C) .
No difference in the frequency of spheres formation between NFPTs that were in vitro resistant or sensitive to DRD2 and SSTR2 agonists was observed. However, the spheres derived from tumors resistant to DRD2 and SSTR2 agonists were larger than those obtained from sensitive NFPTs (mean diameter 70 6 9 lM and 39 6 8 lM, respectively, p < 0.01) (Fig. 5D ).
Discussion
The present study confirms the presence of sphere-forming cells co-expressing stem cell and differentiative markers in pituitary tumors and provides new insights into their correlation with tumor behavior and responsiveness to dopaminergic and somatostatinergic agents.
To date, few published studies reported isolation of progenitor/stem cells from dispersed human pituitary tumors by growing tumoral cells in stem-cell permissive medium to obtain non-adherent spheres. These putative parenchymal tumor stem cells expressed stem cell markers, were able to self-renew and had a high efflux capacity. [1] [2] [3] [4] Consistent with the previous observation that stem cellassociated markers are particularly overexpressed by NFPTs, 2, 29, 30 we observed spheres formation in about 70% of cultured NFPTs, a success rate nearly identical to that obtained by Murth et al. in NFPTs and GH-secreting pituitary tumors. 4 The spheres were able to self-renew in culture, although with a limited potential, restricted to secondary spheres, in agreement with published data on spheres derived from both rodent normal pituitary and human pituitary adenomas.
2,31
FACS-based phenotypic characterization of cells derived from spheres detected a variable proportion of cells expressing different stem markers. In particular, a significant proportion of cell population expressed the stem cell associated marker CD90, while only a small fraction of cells displayed a mesenchymal stromal stem cell immunophenotype (CD901 CD1051 CD342), 21 in contrast with recently published data demonstrating the isolation from pituitary adenomas of a mesenchymal stem cells population. 32 Moreover, the contribution of cells positive for hematopoietic/endothelial antigens, such as CD34, CD45, CD31 and CD146 was very low.
We found a low proportion of cells positive for CD133, considered a common marker of cancer stem cells in different tumors. Previous studies reported the presence of CD133 in pituitary adenomas, 2, 30 although in spheres derived from these tumors contrasting data have been reported, showing both CD133 expression 1, 4 and low or absent CD133 expression, 2, 33 accordingly with the results of the present study.
By the combination of different techniques, sphere forming cells resulted to express several markers of stemness belonging to different categories. In particular, they expressed: (i) pluripotent embryonic stem cell markers, such as SOX2, POU5F1/OCT4, KLF4 that together constitute the pluripotency transcription-factor core of embryonic stem cells, 34 and Nestin; (ii) embryonic pituitary specific transcription factors involved in gonadotroph differentiation, consistent with gonadotroph origin of most NFPTs, such as DAX1, SF1 and EGR1, a transcription factor required for the activation of LH beta subunit promoter; (iii) mature hormones, that is, gonadotropins, and specific receptors, that is, DRD2 and SSTR2. A similar molecular phenotype composed both of a stemness and an embryonic part has been described in stem cells of normal adult pituitary. 35 Conversely, the expression of hormones and receptors by spheres suggests a stage of committed precursor to a specific cell type, that is, gonadotroph.
Sphere-forming cells displayed unique features in comparison with the bulk of tumor cells, including increased expression of stem cell markers and long-term proliferation ability.
Moreover, they showed tumorigenic potential in zebrafish model, as demonstrated by their invasive behavior and their proangiogenic activity.
The expression of SOX2, POU5F1/OCT4, KLF4 and EGR1 was also found in NFPT tissues. In particular, the presence of SOX2 positive cells in analyzed tissues was independent from the ability to form or not spheres in culture, strongly suggesting the need of other genetic or epigenetic factors to ensure spheres generation.
Statistical analysis showed that formation of spheres was positively associated with cavernous sinus invasion, whereas no statistically significant correlation was found when considering tumor size, extrasellar extension and/or Ki67 proliferative index. Although considered benign, as many as 25-55% of pituitary tumors are invasive and some exhibit clinically aggressive behavior, although a clear definition of aggressiveness and or invasiveness does not exist to date. 36 The latest WHO classification criteria define pituitary tumors by their histological characteristics; however, there is no reliable histological marker or classification system for characterizing aggressive neoplasms yet. Although in the literature "aggressive" is often used synonymously with "invasive," invasiveness should mainly be defined by radiological and surgical findings, such as invasion of surrounding structures, primarily the sphenoid sinus and/or the cavernous sinus. Conversely, aggressive pituitary tumors are characterized by their clinical behavior (expansively growing tumors/high rate of recurrence/resistance to standard treatments, independently of size and invasiveness), together with histopathological findings, such as higher mitotic activity, defined by a Ki67 labeling index 3% or p53 immunopositivity. 36 In this scenario, the data presented here suggest that spheres formation is correlated with tumor invasiveness rather than aggressiveness. Since invasion of the cavernous sinus strongly reduces the success of transsphenoidal neurosurgery and is the most common cause of tumor regrowth, these data suggest that tumor stem cells may contribute to tumor recurrence, according to cancer stem cells model.
To investigate if the sphere-forming cells were characterized by a reduced sensitivity to the antiproliferative action of DA and SS, supporting a possible role of this cell population in the NFPTs resistance to DRD2 and SSTR2 agonists, we measured cell proliferation in primary tumor cells and in the corresponding spheres. Our data demonstrated that DRD2 and SSTR2 are expressed by spheres and are functionally coupled to inhibitory pathways, since they mediated reduction of cell proliferation. Moreover, in the subset (about 50%) of tumors that were responsive to DA and SS analogs, the antimitogenic action induced by these agents in bulk tumor cells was maintained unaltered in progenitor/stem-like cells. These data are in agreement with the recently described reduction of cell viability exerted by the somatostatin/dopamine chimera BIM-23A760 in progenitor/stem cells isolated from pituitary tumors. 4 Consistent with the present results, a recent study reported that dopamine agonist therapy in patients with NFPTs was associated with decreased prevalence of residual tumor regrowth after transsphenoidal surgical resection. 15 Although the frequency of spheres formation from resistant or sensitive NFPTs was similar, resistant tumors formed larger spheres compared with sensitive ones, reflecting an increased proliferative activity of progenitor/stem cells in these tumors. It is worth noting that several clinical observation indicate that resistance to dopamine agonists observed in very few patients with PRL secreting adenomas is associated with invasive adenomas or even carcinomas. 37 Admittedly, no data on stem/progenitor cells expression in pituitary cancers are available yet.
In conclusion, we provided further evidence for the existence of progenitor/stem-like cells that grow as spheres in culture and express stem cell specific markers and pituitary embryonic transcription factors involved in gonadotrope differentiation in the majority of NFPTs, particularly in those with invasive behavior. Moreover, we demonstrated that in about a half of NFPTs dopaminergic and somatostatinergic drugs are able to reduce proliferation rate of both bulk tumor cells and progenitor/stem cells, thus underlining the need for further clinical trials with these agents in the adjuvant medical therapy of NFPTs.
